The dissociative photoionization of CH 2 Br 2 in a region ϳ10-24 eV was investigated with photoionization mass spectroscopy using a synchrotron radiation source. 
The dissociative photoionization of CH 2 Br 2 in a region ϳ10-24 eV was investigated with photoionization mass spectroscopy using a synchrotron radiation source. An adiabatic ionization energy of 10.25 eV determined for CH 2 
I. INTRODUCTION
Photoexcitation and photoionization of brominecontaining molecules hold fundamental interest in dissociation dynamics. [1] [2] [3] [4] The catalytic depletion of stratospheric ozone by Br atoms has been characterized. 5, 6 Dibromomethane (CH 2 Br 2 ) is an important substance that contains bromine and destroys ozone because it contributes up to 20% of Br atoms released into the upper troposphere. [7] [8] [9] [10] It has wide use as a reagent for cyclopropanation, 11 but the main anthropogenic sources of CH 2 Br 2 originate from its use in fire extinguishers and as a fumigant. 9 Ultraviolet absorption spectra 5, 12 and photoelectron spectra [13] [14] [15] of CH 2 Br 2 are well characterized, but only limited experimental work on the dissociative photoionization properties of CH 2 Br 2 and the corresponding thermochemical data for associated fragments are reported in the literature. 1-3,16 -21 The ionization energy ͑IE͒ of CH 2 Br 2 was determined to be 10.24Ϯ0.02 eV by Ma et al.
2 from a small step in the photoionization efficiency ͑PIE͒ curve; this value is significantly smaller than values derived from previous experiments using electron impact ͑EI͒ and photoionization ͑PI͒ techniques: 10.5, 22 The aim of this work is to determine the ionization energy of CH 2 Br 2 and to investigate its dissociative photoionization. We measured photoionization efficiency spectra of various fragment ions and undertook associated theoretical calculations with both GAUSSIAN and G3 levels enable an assessment of accuracies of both methods for bromine-containing species.
II. EXPERIMENT
We performed photoionization mass-spectrometric measurements with a molecular beam/quadrupole mass spectrometer system on the 1-m Seya-Namioka beamline at the National Synchrotron Radiation Research Center in Taiwan. The apparatus is described in detail elsewhere. 30 Briefly, a mixture of CH 2 Br 2 and He ͑or Ar͒ at a total pressure ϳ300 Torr and with a seed ratio of ϳ10% was expanded through a nozzle and two skimmers to form a molecular beam. The cooled CH 2 Br 2 molecules were ionized with monochromatic vacuum ultraviolet radiation at a right angle in the ionization chamber. Produced ions were mass-analyzed and detected with a quadrupole mass spectrometer mounted in a direction perpendicular to the plane defined by molecular and photon beams; an electron multiplier ͑channeltron͒ operated in pulse-counting mode served as a detector for ion collection.
The PIE curves in a region ϳ10-24 eV were measured and normalized with respect to the photon flux. With a grating monochromator ͑1200 grooves mm
Ϫ1
; slit width 0.15 mm͒, the photon resolution is 30 meV and the photon flux is Ͼ10 9 photons s Ϫ1 . The wavelength of the monochromator was calibrated with the photoionization spectra of Ar and He. CH 2 Br 2 ͑Merck, Ͼ99%͒ was degassed with several freezepump-thaw cycles before use.
III. THEORETICAL CALCULATIONS
Energies of CH 2 Br 2 , CH 2 Br 2 ϩ and fragment species at their equilibrium geometries were calculated with G2 and G3 methods using GAUSSIAN 98 program. 31 Because basis sets for bromine-containing species are lacking from standard G3 calculations, we employed basis sets reported by Curtiss. 32 We describe briefly the G2 and G3 procedures to compute total energies of molecules at their equilibrium geometries as follows. The equilibrium structure of each species was initially optimized at the HF/6-31G(d) level, to calculate its zero-point vibrational energy, and then fully optimized at the MP2(full)/6-31G(d) level for further calculations. To calculate a G2 energy, calculations of single-point energies were carried out at the levels of MP4/6-311G(d, p), MP4/6-311
, and MP2/6-311ϩG(3d f ,2p), including corrections of a higher-level energy and zero-point vibrational energy. To calculate a G3 energy, we performed calculations of single-point energies at the levels of MP4/ 6-31G(d), QCSID͑T)/6-31G(d), MP4/6-31ϩG(d), MP4/ 6-31G(2d f ,p), and MP2͑full͒/G3 large; G3 large is a modification of the MP2/6-311ϩG(3d f ,2p) basis set. Additional energies include a spin-orbit correction for atomic species, higher-level corrections for atoms and molecules, and a zeropoint vibrational energy. Enthalpies of formation at temperature T K (⌬H f ,T 0 ) were obtained from calculated enthalpy changes for their equations of formation and experimental ⌬H f ,T 0 for isolated atoms C, H, and Br. Figure 1 shows a mass spectrum of CH 2 Br 2 /He excited at 60 nm ͑20.66 eV͒ and with steps of 0.2 amu. In this spectrum, three major fragment ions CH 2 34 are marked as pairs in the figure. As no signal at mass greater than that of CH 2 Br 2 ϩ was detected at various excitation wavelengths, we deduced that all observed fragment ions originated from dissociation of CH 2 Br 2 ϩ ; the largest m/z value of our mass spectrometer is 280. Minute signals in the region 40-50 amu result from impurities in the sample. PIE curves of CH 2 Br 2 ϩ and fragment ions were recorded at steps of 0.2 nm and normalized with respect to the photon flux. Figure 2 feature near the ionization threshold; we thus assigned the first small step feature observed at 10.25Ϯ0.02 eV to be the IE of CH 2 Br 2 . Two additional big steps marked at 10.60 and 10.80 eV in Fig. 4͑a͒ correspond to vertical transition energies of photoelectron bands associated with ionization of a lone-pair electron of Br. 15 For fragment ion CH 2 Br ϩ , the PIE curve in Fig. 4͑b͒ shows a short region of gradually rising slope near the threshold before a rapid increase; AE of 11.22 Ϯ0.02 eV was determined from the midpoint of two intersects among the base line and two fitted slopes. An AE value of 12.59Ϯ0.02 eV for CHBr ϩ was determined from the intersection of the base line and the linearly rising line, as shown in Fig. 4͑c͒ . We exclude effects of thermal energy and collisions from our IE and AE values because CH 2 Br 2 was cooled under supersonic conditions. of CH 2 Br 2 ϩ , shown in Fig. 4͑a͒ , and a band at 11.3 eV in the photoelectron spectrum. 15 Ma et al. 2 were unable to determine an accurate AE for CH 2 Br ϩ due to severe interference of spike-like signals that they attributed to formation of an ion pair (CH 2 Br ϩ ,Br Ϫ ) in the region ϳ10.88 -11.27 eV. In contrast, as shown in Fig. 4͑b͒, only Table II lists total energies E 0 and enthalpies H 298 calculated with G2 and G3 methods for species involved in this work; symmetries and electronic states are also indicated. The spin-orbit correction is excluded in G2 theory, but found to be important for molecules containing third-row atoms, particularly those with degenerate states. 27 Consequently, E 0 (G2) energies with spin-orbit corrections taken from the literature for Br( 3 P), Br ϩ ( 2 P), Br 2 ϩ ( 2 ⌸ g ), and HBr ϩ ( 2 ⌸) are listed in parentheses for comparison. 27 A spin-orbit correction for CBr( 2 ⌸) is unavailable in the literature. The G3 method includes experimental spin-orbit corrections for atomic species; E 0 (G3) energies incorporated with available molecular spin-orbit corrections are also listed in parentheses. 29 Table III lists experimental AE values of fragment ions and reaction energies ⌬E calculated for possible dissociative photoionization channels for six fragment ions. Theoretical values ⌬E(G2) and ⌬E(G3) are calculated from E 0 (G2) and E 0 (G3) energies listed in Table II ; ⌬E(G2) including spin-orbit corrections of Br and Br ϩ are listed in parentheses. Calculated reaction energies take into account neither a possible reaction barrier nor electronic excitation of products.
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IV. RESULTS AND DISCUSSION
A. Results of experiments
The experimental AEϭ11.22 eV for channel CH 2 Br 2 →CH 2 Br ϩ ϩBr differs from ⌬E(G2)ϭ11.44 eV and ⌬E(G3)ϭ11.39 eV by 0.22 and 0.17 eV, respectively; the discrepancies are greater than typical errors of 0.15 eV reported for sulfur-and chlorine-containing species and oxides. 42, 43 In contrast, the spin-orbit corrected ⌬E(G2) of 11.28 eV agrees satisfactorily with the experimental AE, sig- nifying the importance of this spin-orbit effect on energies of bromine-containing species. Two possible channels are involved in formation of CHBr ϩ . Channel CH 2 Br 2 →CHBr ϩ ϩHϩBr is unlikely near the observed threshold because a predicted energy of 16.2 eV is much greater than the experimental AEϭ12.59 eV. Channel CH 2 Br 2 →CHBr ϩ ϩHBr involves a significant structural change and is expected to have a barrier for dissociation; the barrier and reverse barrier for HX loss is a common and well-known phenomenon in alkyl halide mass spectrometry. The experimental AEϭ12.59 eV for this channel is slightly greater than ⌬E(G2)ϭ12.37 eV and ⌬E(G3)ϭ12.40 eV.
This result indicates that a small reaction barrier exists for dissociation, similar to the case CH 2 Cl 2 →CHCl ϩ ϩHCl for which a theoretical prediction of reaction energy is smaller than the experimental AE value. 35 The experimental AEϭ12.64 eV for channel CH 2 Br 2 →CHBr 2 ϩ ϩH differs from ⌬E(G2)ϭ12.21 eV and ⌬E(G3)ϭ12.23 eV by 0.43 and 0.41 eV, respectively; the large discrepancy might result from poor detectivity of small signals of CHBr 2 ϩ or excess energies required in dissociation due to competition with other dissociation channels at smaller energies. Discrepancies between experimental AE and predicted values at greater energies are expected to be generally large because of the possible presence of kinetic shifts and reverse activation barriers. Channel CH 2 Br 2 →Br ϩ ϩCH 2 Br is proposed on the basis of energy consideration; the experimental AEϭ15.31 eV is consistent with a previous experimental value of 15 .5Ϯ0.1 eV, 24 but is much greater than ⌬E(G2)ϭ14.71 eV, spin-orbit corrected ⌬E(G2)ϭ14.53 eV, and ⌬E(G3)ϭ14.62 eV. To form CBr ϩ , channels CH 2 Br 2 →CBr ϩ ϩH 2 ϩBr and CBr ϩ ϩHBr ϩH are energetically accessible based on comparison of the experimental AEϭ15.42 eV with predicted values, ⌬E(G2) ϭ14.76 eV and ⌬E(G3)ϭ14.77 eV for the former channel, and ⌬E(G2)ϭ15.41 eV and ⌬E(G3)ϭ15.51 eV for the latter channel. The former channel is more favorable because of smaller predicted ⌬E values and an observation of competition between CH 2 Br ϩ and CBr ϩ in Fig. 2 . A similar channel CH 2 Cl 2 →CCl ϩ ϩH 2 ϩCl was observed in photoionization Assessment of accuracies of predicted thermochemical properties with G2 and G3 methods in the literature focus mainly on molecules containing atoms in the first and second rows; comparisons for species containing third-row atoms are sparse. 26 -29 Predictions of accurate enthalpies of formation and IE for polyatomic species containing third-row atoms are more challenging because of increased configuration interaction and spin-orbit effects. 
